Marine intertidal organisms commonly face hypoxic stress during low tide emersion; moreover, eutrophic conditions and sediment nearness could lead to hypoxic phenomena; it is indeed important to understand the molecular processes involved in the response to hypoxia. In this study the molecular response of the Pacific oyster Crassostrea gigas to prolonged hypoxia (2 mg O 2 L − 1 for 20 d) was investigated under experimental conditions. A transcriptomic approach was employed using a cDNA microarray of 9058 C. gigas clones to highlight the genetic expression patterns of the Pacific oyster under hypoxic conditions. Lines of oysters resistant (R) and susceptible (S) to summer mortality were used in this study. ANOVA analysis was used to identify the genes involved in the response to hypoxia in comparison to normoxic conditions. The hypoxic response was maximal at day 20. The principal biological processes up-regulated by hypoxic stress were antioxidant defense and the respiratory chain compartment, suggesting oxidative stress caused by hypoxia or an anticipatory response for normoxic recovery. This is the first study employing microarrays to characterize the genetic markers and metabolic pathways responding to hypoxic stress in C. gigas.
INTRODUCTION 43 44
The hypoxic response in marine mollusks is a challenging subject to study, even if they are 45 adapted to low oxygen concentrations, hypoxia can act as a stress factor too. In particular, 46 benthic intertidal communities can face hypoxic conditions. On one hand, they are exposed 47 twice a day to oxygen deprivation during low tide and they have developed appropriate 48 survival mechanisms [1] . On the other hand, excessive anthropogenic input of nutrients can 49 lead to hypoxic phenomena caused by algal bloom or by anoxic sediment nearness [2] . The 50 first step of the hypoxic response in tolerant organisms is an increase in water pumping-51 ventilation, in an attempt to maintain oxygen delivery [2, 3] ; then, when critical O 2 52 concentrations occur, the metabolic rate decreases. This mechanism is called "metabolic 53 depression" or "hypometabolism", and is not a passive shut down of cellular metabolism, but 54 rather a highly organized suppression of energy consuming mechanisms [4] . As the oxygen 55 concentration decreases, anaerobic fermentative pathways replace aerobic ATP-producing 56 mechanisms. Alternative routes of anaerobic carbohydrate catabolism are less efficient in 57 producing ATP and do not provide enough energy to maintain aerobic consumption; hence 58 metabolic depression is a well-regulated response to the lower availability of ATP, facilitating 59 increased survival [4] . 60 according to the manufacturer's recommendations. The samples were labeled with Cyanine-5 149 (Cy5). The reference samples were labeled with Cyanine-3 (Cy3) in separate tubes following 150 the same protocol. The Cy3-labeled cDNAs were pooled and re-divided to obtain a 151 homogeneous reference sample. All dye incorporation rates were verified using a NanoDrop 152 1000 spectrophotometer (Thermo Scientific). 153
For Real-Time PCR analysis, RNA samples were first treated with 0.5 U RQ1 RNase-Free 154 DNAse (Promega) per µg of total RNA, precipitated in 3 M sodium acetate and 95% ethanol, 155 washed twice in 70% ethanol, and finally diluted in 10 µL of RNAse/DNase-free water. Total 156 RNA quality was assessed using an Agilent Bioanalyzer 2100 and RNA 6000 Nano Kit 157 (Agilent Technologies), and RNA quantity was determined using a NanoDrop 1000 158 spectrophotometer (Thermo Scientific). Reverse transcription was carried out with the 159
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas), according to the 160 manufacturer's instructions, on 1 µg of total RNA using random hexamer primers to start the 161 reaction. 162 163
Microarray hybridization and scanning 164 165
The cDNA microarray slides were prepared and printed as described by Fleury et al. [15] . 166 Briefly, the slides contained 11088 features spotted in duplicate and were printed at the 
GSE23883. 191
Statistical analyses to identify the differentially expressed genes (p < 1.0 × 10e -4 ) were carried 192 out by variance analysis using GeneANOVA software [19] . The false discovery rate (FDR) 193 associated with the selected genes was determined by the following formula: [total number of 194 analyzed genes (9058) × p value / number of differentially expressed genes] ×100; the FDR 195 cut-off value was < 5%. Three ANOVA were performed using GeneANOVA software: an 196 initial global ANOVA with all hybridized samples, a "line" ANOVA accounting for the 197 hypoxic R and S oysters, and an ANOVA on day 20 samples only. Factors for the global 198 ANOVA were: "duplicate" (technical replicate within the array), "day" (days 0, 2, 10, and 20), 199 "stress" (hypoxia or normoxia), and "line" (R or S). The factors for the ANOVA on the R and 200 S lines were "duplicate" (technical replicate within the array) and "line" (R or S oysters). The 201 factors for the ANOVA on day 20 samples were "duplicate" (technical replicate within the 202 array) and "stress" (hypoxia or normoxia). 203
Annotations according the Swiss Prot Database (E-value < 1.0 × 10e housekeeping genes were screened: four classic housekeeping genes (ribosomal 28s, actin, 214 glyceraldehyde-3-phosphate dehydrogenase GAPDH, elongation factor 1 alpha EF1) and a 215 non-annotated EST (AM854995) from the microarray chosen on the basis of its low variability. 216
The geNorm algorithm [23] and the variation coefficient were used to determine the most 217 stable gene directly from its cycle threshold (Ct) value. 218
All primers, except for EF1 [24] , were designed using Primer Express software V 2.0 (Applied 219 Biosystems). PCR efficiency (E) was estimated for each primer pair by serial dilutions (from 220 1/20 to 1/640) of the reference cDNA sample (the same sample used for the common Cy3 221 reference in the microarrays). The primers efficiency was determined by the slope of thestandard curves by the following formula: E = 10
[-1 / slope [25] . Primer sequences, GenBank 223 accession numbers of the sequences, and PCR efficiencies are listed in Table 1 . Good hybridization quality resulted in 2% of eliminated spots for each array after the filtering 240 step, and the mean correlation coefficient between technical duplicates on each slide was 0.8. 241
The first global ANOVA with all factors identified 1694 genes that were differentially 242 expressed for the factor "day" (p < 1.0 × 10e-4 , FDR = 0.05%), 26 for the factor "stress" (p < 243 ). Among the 26 differentially expressed genes for 249 the factor "stress", 10 had a putative annotation according to the Swiss-Prot database. Clusters, 250
GenBank accession numbers, ANOVA p-values, putative annotations, and E-value for the 251 genes differentially expressed for the factor "stress" are presented in Table 2 . The hierarchical 252 clustering of genes differentially expressed in the first global ANOVA for the factor "stress" is 253 presented in Figure 1 . The 26 differentially expressed genes did not show a clear trend of 254 expression depending on the different conditions, but they were clearly divided into two 255 groups: the first one contained genes that were slightly under-or over-expressed, and the 256 second one contained genes that were strongly over-expressed. The first cluster contained the 257 following 5 annotated genes: a protein similar to the human fibrinogen alpha chain protein 258 involved in blood coagulation (AM854350, UniProtKB P02671), an epidermal grow factor-like 259 domain 10 involved in the phagocytosis of apoptotic cells by macrophages (BQ427312,UniProtKB Q96KG7), S-adenosylmethionine synthetase involved in one-carbon metabolism 261 (AM854702, UniProtKB Q91X83), a dehydrogenase whose ligand is NADP (AM855507, 262
UniProtKB Q6DF30) and a peroxisomal oxidoreductase (CU685657, UniProtKB A4FUZ6). 263
Conversely, the second gene-cluster contained 10 genes, 5 of which were annotated as: ferritin 264 involved in iron storage and potentially involved in antioxidant response via Fenton's reaction 265 (AM854714, UniProtKB P42577), superoxide dismutase converting the superoxide anion into 266 oxygen peroxide (CU681762), a phosphotransferase (AM854767, UniProtKB A2RU49), a 267 ganglioside activator involved in lipid metabolism (CU681763, UniProtKB Q8HXX6), and a 268 transcription inhibitor (CU685227, UniProtKB A5LFW4). Two main sample-clusters were 269 identified from visual inspection. All samples from the hypoxic conditions (days 2, 10, and 20) 270
were clustered together, opposite to the normoxic conditions (days 0, 2, and 10). The only 271 exception was that the normoxic samples from day 20 were regrouped with the hypoxic 272 samples, but their expression profile differed considerably. 273
In order to assess if there were differences in gene expression under the hypoxic conditions 274 between the R and S oysters, ANOVA was performed only on the hypoxic R and S samples. 275
No gene was differentially expressed with an acceptable FDR according to the factor "line"; 276 therefore, no differences between the R and S oysters were considered for the following 277
analysis. 278
The results from the global approach showed a greater impact of the factor "day" and a clear 279 gene expression signature at day 20, in which the differences between the hypoxic and 280 normoxic oysters appeared stronger; thus, for the following analysis, we focused only on data 281 from day 20 of sampling. ANOVA on day 20 revealed 647 differentially expressed genes for 282 the factor "stress" (p < 1.0 × 10e -4 , FDR = 0.14%), and no genes for the "duplicate" factor. 283
From these 647 differentially expressed genes from the factor "stress", 319 accounted for 50% 284 of the variance. Among these 319 genes, 152 showed a homology with genes of known 285 function (Swiss-Prot database E-value < 1.0 × 10e -5 ), and were retained for further analysis. 286
Hierarchical clustering by average linkage on these genes (Figure 2 ) was performed to identify 287 similar patterns of gene expression. Three main clusters were identified from a visual 288 inspection. The first cluster contained 19 genes that were slightly under-expressed in normoxic 289 conditions and strongly under-expressed in hypoxic conditions. The second cluster contained 290 103 genes that were under-expressed in normoxic conditions, but slightly over-expressed in 291 hypoxic conditions. The third cluster contained 30 ESTs that were slightly over or under-292 expressed in normoxic conditions and strongly over-expressed in hypoxic conditions. The 293 clusters, GenBank accession numbers, ANOVA p-values, putative annotations, and E-values 294 are presented in Table 3 for the genes retained from the day 20 ANOVA for the factor "stress." 295 GO analysis was performed using Blast2GO on the genes retained from the ANOVA analysis 296 on day 20. The following 10 main biological processes (GO level 2) were represented among 297 these selected genes: cellular processes (51.1%), multicellular organismal processes (20.6%), 298 developmental processes (16.6%), response to stimulus (16.6%), metabolic processes (15%), 299 biological regulation (12.5%), localization (9%), growth (6.6%), reproduction (4.7%), and 300 immune system processes (1.2%). The biological processes (GO levels 2 and 3), the number of 301 sequences, and the percentages from GO analysis are presented in Table 4 and in Appendix C 302 (ordered by score). 303 304
Real-Time PCR analysis 305 306
The analysis of the stability of the five housekeeping genes (28s, GAPDH, actin, EF1, 307 cdn20p0002c12) using the geNorm algorithm indicated that actin had the lowest expression 308 stability measure (M = 0.085) and variation coefficient (0.043) ( Table 1 ). However, given that 309 the actin gene resulted differentially expressed between oysters exposed to hypoxic conditions 310 in a previous study [8] , we consider that the actin gene was not suitable for this study. 311 Therefore, the GAPDH gene was chosen as housekeeping gene for internal standardization, 312 because it was the most stable gene after actin (M = 0.088) and previously used as reference 313 gene in several oysters gene expression studies [26, 27, 28] . Gene expression levels for Real-314
Time PCR and microarray analysis are presented in Figures 3a and 3b , respectively. Results 315 showed no significant differences were found between normoxia and hypoxia samples using 316
Real-Time PCR. To determine which technique was more reliable we hypothesized that the 317 more repeatable observations were the more reliable. Firstly, the standard deviation of the 318 in situ experiment. We hypothesized that hypoxic stress may play a role as an environmental 344 stressor during summer mortality events. The Morest project indicated that R and S oysters 345 appear to be different in terms of oxidative management when subjected to hypoxia [13] . S 346 oysters produced more reactive oxygen species than R oysters, and R oysters activated 347 antioxidant enzymes such as catalase and glutathione transferase under hypoxic conditions 348
[13]; however, no genes were differentially expressed between the R and S lines exposed to 349 hypoxia in this study. This may confirm, as already suggested [11, 12] , that the resistance 350 mechanisms would rather take place at the reproduction level, initially via differential energy 351 investment between the two lines. 352
The hypoxic response was more important after 20 days of low oxygen exposure; therefore, we 353 can infer that the hypoxic effects appeared late in such a low oxygen-tolerant species. We observed that the 152 annotated differentially expressed genes accounted for 50% of the 361 variance were generally over-expressed in comparison to the normoxic conditions, except for a 362 limited set of genes (cluster 1) that were under-expressed in the hypoxic conditions; indeed, we 363 could not infer a global metabolic depression at the transcriptional level. This result is not 364 surprising because, as shown in other organisms, metabolic depression induced by hypoxia 365 mainly concerns protein synthesis, while transcription remains at the basal level, is slightly 366 reduced, or can even be activated, e.g., some genes required for the re-oxygenation process [1] . 367
Heterologous array analysis on Littorina littorea after exposure to anoxia demonstrated that 368 only 0.6% of the sequences were down-regulated [1] . Some studies support the idea that 369 transcripts remain untranslated in sequestrating complexes and hidden from the translation 370 apparatus [30, 31] . Transcripts are then kept available as an anticipatory response for a quick 371 restart of metabolism when normoxic conditions return [32] . Nonetheless, GO analysis of the 372 selected genes differentially expressed in the hypoxic conditions at day 20 indicated that 6 373 sequences showed GO codes for negative regulation of transcription (4.6%). Moreover, the 374 differential expression of a transcriptional inhibitor of cell differentiation (GB CU685227) 375 identified in the first global ANOVA suggests that some transcriptional processes were 376 repressed. These results indicate that even if gene expression appears to be maintained or even 377 activated during hypoxia from the genes present on our microarray, some transcriptional 378 processes are negatively regulated. Furthermore, 8 sequences (1.8%) were identified using 379 Blast2GO analysis as negative regulators of cellular metabolic processes; indeed, this result 380
indicates that a slowing down of metabolism occurs after 20 days of exposure to hypoxia. In 381 comparison to previous studies of energetic metabolism in oysters undergoing hypoxic stress, 382
we observed no change in the regulation of the PK and PEPCK genes using the microarrayapproach. Le Moullac et al. [9] observed that PEPCK transcription and enzymatic activity were 384 induced after 10 days of exposure to hypoxia (2 mg O 2 L -1 ), and PK was initially down-385 regulated at the enzyme activity level, at day 10, and later at the transcriptomic, level at day 20. 386
The difference of results in this study is probably due to the tissue specific regulation of the 387 energetic metabolism; the switch between aerobic and anaerobic pathways observed by Le 388
Moullac et al. "response to stimulus" was the fourth most prevalent biological process (16.62% of the 410 selected sequences, including 29 sequences). Within this process "response to stress" and 411 "response to abiotic stimulus" contained 16 (10.7%) and 11 sequences (2.9%), respectively 412 (Table 4) . 413
The relationship between low oxygen concentration and oxidative stress are still unclear. 414
Logically, a lower oxygen concentration would result in the reduced production of ROS, as 415
shown by a study on oyster hemocytes (C. virginica) exposed to hypoxia, in which ROS 416 production was 33% of that under normoxic conditions [35] . However, many studies on 417 leading to ROS production [41] . Hence, in this study, the activation of the oxidative stress 437 response could be a direct effect of hypoxia or an anticipatory technique for the reoxygenation 438 process. In fact, an oxidative "burst" can occur when returning to normoxic conditions. This 439 mechanism of cellular hypoxia-reoxygenation injury is well known and described in studies on 440 ischemia [42] . 441
In our study, many genes of the respiratory chain were also over-expressed: NADH-ubiquinone 442 
